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Abstract. 
 
Stellar winds from active solar-type stars can play a crucial role in removal of stellar angular momentum 
and erosion of planetary atmospheres. However, major wind properties except for mass loss rates cannot 
be directly derived from observations. We employed a three-dimensional magnetohydrodynamic Alfvén 
wave driven solar wind model, ALF3D, to reconstruct the solar wind parameters including the mass loss 
rate, terminal velocity and wind temperature at 0.7, 2 and 4.65 Gyr.  Our model treats the wind thermal 
electrons, protons and pickup protons as separate fluids and incorporates turbulence transport, eddy 
viscosity, turbulent resistivity, and turbulent heating to properly describe proton and electron 
temperatures of the solar wind. To study the evolution of the solar wind, we specified three input model 
parameters, the plasma density, Alfvén wave amplitude and the strength of the dipole magnetic field at 
the wind base for each of three solar wind evolution models that are consistent with observational 
constrains. Our model results show that the velocity of the paleo solar wind was twice as fast, ~ 50 times 
denser and 2 times hotter at 1 AU in the Sun’s early history at 0.7 Gyr. The theoretical calculations of 
mass loss rate appear to be in agreement with the empirically derived values for stars of various ages.  
These results can provide realistic constraints for wind dynamic pressures on magnetospheres of 
(exo)planets around the young Sun and other active stars, which is crucial in realistic assessment of the 
Joule heating of their ionospheres and corresponding effects of atmospheric erosion.   
 
 
1. Introduction. 
The Sun, a typical G2 V star, exhibits magnetic activity in the form of magnetically driven 
eruptive processes including flares, solar wind, coronal mass ejections (CME) and associated solar 
energetic particle events. The inputs of these forms of solar activity drive space weather by energizing 
the environment around the Sun and Earth. Earth-directed energetic CMEs cause magnetospheric 
perturbations and may induce large geomagnetic currents (Schrijver et al. 2014). The observations of 
young stars resembling our Sun in its infancy suggest that the magnetic activity and associated paleo 
space weather events were much more frequent and violent and the solar wind was much denser in the 
Sun’s past (Wood et al. 2005; Airapetian et al. 2015a). Winds from young stars can serve as an efficient 
mechanism in removing angular momentum and thus causing their host stars to spin down with time 
(Skumanich 1972). The solar and stellar winds may also have directly contributed to the atmospheric 
erosion, and in this way impacted climate and planetary habitability. Recent measurements of 
atmospheric loss in planetary atmospheres suggest that increase of the solar wind dynamic pressure by a 
factor of two enhances the mass loss of O+ ions up to 10 times for Earth and 60 times for Mars (Wei et 
al. 2012). Thus, the dynamic pressure exerted by denser and faster paleo solar wind should be 
considered as one of the major factors affecting the erosion of the atmospheres of early Venus, Mars, 
Earth, Earth twins and hot Jupiters (Lammer et al. 2003; Griessmeier et al. 2004; Kulikov et al. 2007; 
Lundin et al. 2007; Khodachenko et al. 2012; Kislyakova et al. 2015). It also affects the size, density and 
magnetic field at the heliospheric boundary (heliopause) modulating the flux of Galactic cosmic rays, 
which may cause changes in cloud cover and ozone destruction, and therefore, could influence 
habitability conditions on early Earth and Mars (Pavlov et al. 2005; Usoskin & Kovaltsov 2008; 
Potgieter et al. 2013).            
In order to characterize the dynamic pressure, the mass loss rate and velocity of the paleo solar 
wind need to be reconstructed. This can be accomplished by observing the signatures of winds from 
young solar analogs (Ribas et al. 2005). However, unlike the solar wind, the properties of stellar winds 
are poorly known, because very few observational constrains are available. Currently, the mass loss 
rates from the solar-like stars can be derived from the detection of stellar “astrospheres” forming due to 
interaction of stellar winds with the interstellar medium (Wood et al. 2005). These estimates imply that 
mass-loss rate, ܯሶ , declines with age of solar-type stars, as ݐିଶ.ଷଷ±଴.ହହ due to angular momentum loss 
caused by magnetized winds. This method is limited to stars with ages ≥ 0.7 Gyr due to the saturation of 
the X-ray emission for young stars. The application of this technique for young stars implies that the 
mass-loss rate from the paleo solar wind at 0.7 Gyr, the time when life started on Earth, was ~100 times 
greater than the one observed today. However, this method assumes a spherically symmetric wind with 
the speed of 400 km/s wind speed for all astrospheric models, which gives n uncertainty in the 
determination of the mass loss rate.          
 Another way to characterize the paleo solar wind is to apply the wind models of the current Sun 
with the input conditions relevant for the young and active solar-type stars. Remote sensing and in-situ 
measurements suggest that near solar minimum the solar wind has a bimodal structure with (1) a high-
speed (up to 800 km/s at 1 AU), low density (1-2 cm-3) component emanating from the polar regions 
associated with unipolar coronal holes and (2) a wind about 5 times denser with half the fast wind’s 
speed (~400 km/s) that forms above the low latitude regions associated with large-scale bipolar 
structures known as coronal streamers (McComas et al. 2003). Parker’s thermally driven solar wind 
model (Parker, 1958) with T=1-2 MK can well reproduce the slow component of the solar wind, but 
fails to explain the fast wind component. Alfvén waves are believed to provide the energy and 
momentum to heat the chromosphere and drive the fast solar wind (Ofman and Davila 1998; Usmanov 
et al. 2000; McIntosh et al. 2011; Cranmer & Saar 2011; van der Holst et al. 2010; Suzuki et al. 2013; 
Matsumoto & Suzuki 2014; Airapetian and Cuntz 2015).        
 One class of solar/stellar wind models is based on scaling between wind properties and stellar 
parameters including age and rotation rate using simple analytical and one-dimensional models 
(Holzwarth and Jardine 2007; Cranmer and Saar 2011; Matt et al. 2012; Johnstone et al. 2015). Another 
class of models utilizes the multi-dimensional MHD treatment (Vidotto et al. 2009; Sterenborg et al. 
2011; Cohen 2011; Cohen and Drake 2014; Matsumoto & Suzuki 2014). Sterenborg et al. (2011) 
applied a 3D MHD model to study the mass loss rate and velocity of the thermally driven paleo solar 
wind by varying density and magnetic field of the coronal wind base. They simulated the slow 
component of the paleo wind and concluded that in order to obtain the mass loss rate of 100 times the 
current Sun’s rate, a high base density of 1010 cm-3 is needed.     
 In this paper we report our first results from simulations of fast and slow solar wind components 
throughout the Sun’s evolution using a three-fluid, three-dimensional magnetohydrodynamic code, 
ALF3D (Usmanov et al. 2014). Unlike previous models, our global model describes the solar wind in 
the region that extends from the coronal base to 100 AU and includes effects of thermal conduction and 
Alfvén wave pressure as well as plasma heating due to turbulent dissipation. The model treats the wind 
thermal protons, electrons, and pickup protons as separate fluids and includes turbulence transport, eddy 
viscosity, turbulent resistivity, and turbulent heating (Usmanov et al. 2014). In Section 2, we describe 
model parameters applicable for the young Sun’s coronal conditions. In Section 3, we present and 
discuss the model results, and draw our conclusions in Section 4.  
2. Setup Model Parameters.  
 
We employ a three-fluid 3D MHD simulation code, ALF3D, and the method described in Usmanov et 
al. (2014) to compute steady-state wind solutions for three wind scenarios: the young (0.7 Gyr), 
intermediate age (2 Gyr) and the current Sun from the coronal wind base to 3 AU. The solar wind is 
described as a three-fluid plasma containing thermal solar wind electrons and protons and interstellar 
pickup protons. We treat the three plasma components by separate energy equations and assume that the 
bulk wind velocity is the same for these species (Usmanov et al. 2014). The code solves fully three-
dimensional time-dependent compressible MHD equations under the assumption of dipole magnetic 
filed in the corotating frame of reference. The magnetic dipole is assumed to be aligned with the rotation 
axis. For each of the three evolutionary scenarios, we assume that the solar wind is driven by a 
combination of the thermal pressure gradient (Parker 1958) and Alfvén waves generated at the coronal 
wind base. The initial and boundary conditions for the current Sun simulations are similar to those 
described in Usmanov et al. (2014). The computational domain in our wind model is sub-divided into 
three separate regions. The first, inner wind region, extends from 1 to 20 Rʘ (Rʘ is the solar radius).  In 
this region, the solar corona is described in the single-fluid polytropic approximation, with the 
polytropic index γ=1.08 or as nearly isothermal plasma.  The outer boundary of the inner region is set at 
20 Rʘ to assure that the solar wind flow at the boundary is supersonic and super-Alfvénic. We obtain a 
steady-state solution for the transonic and trans-Alfvénic single-fluid coronal wind by using the time-
relaxation method described by Usmanov et al. (2000). The inner boundary conditions specified at the 
wind base, r = 1Rʘ, are updated in the course of the relaxation process to be consistent with the flow 
characteristics near the coronal boundary (Usmanov et al. 2000). They evolve to a steady state 
simultaneously with the solution in the inner region. The outflow boundary conditions at 20 Rʘ are 
approximated by a first-order (linear) extrapolation. In the second region extending between 20 Rʘ and 
0.3 AU, the solar wind flow is supersonic and super-Alfvénic. In this region, the adiabatic index γ = 5/3 
is used in combination with Hollweg's electron heat flux (Hollweg, 1974, 1976). Because plasma in the 
second region (at heights > 20 Rʘ ) is collisionless, we apply a two-fluid approximation including 
thermal electrons and protons to describe the solar wind. A steady-state solution in this region is 
constructed using a marching-along-radius numerical method (Pizzo 1978, 1982; Usmanov 1993).  
The third, outer wind region starts at 0.3 AU and covers the heliosphere up to 100 AU, where 
plasma is treated as three-fluid plasma composed of electrons, thermal protons and pickup protons. This 
is critical in correctly calculating the wind velocity due to interaction with the incoming interstellar 
hydrogen. In this region, in order to describe the Alfvén wave driven solar wind turbulence and 
associated plasma heating rate, we decompose plasma quantities including plasma pressure, velocity and 
magnetic field into the Reynolds averaged and fluctuating components (see Usmanov et al. 2014) and 
use the turbulence transport equations with an eddy-viscosity approximation for the Reynolds stress 
tensor and turbulent electric field.  We then obtain steady-state solutions using time relaxation that 
incorporates boundary conditions from the intermediate (the second) region.  
 The current approach overcomes an important limitation of the solar and stellar wind models of 
Usmanov et al. (2012) and Cohen and Drake (2014) that describe the solar wind at large distances from 
its base as a single fluid. The inclusion of pickup protons treated as a separate fluid affects the 
kinematics of the solar wind at distances greater than 5-10 AU due to the momentum transfer from the 
solar wind protons to pickup protons. This also accounts for solar wind plasma heating due to 
dissipation of turbulent wave energy, the compression of the predominantly azimuthal magnetic field in 
the outer heliosphere as a result of the deceleration, and the weakening of the corotating interaction 
regions caused by the deceleration and the pressure of pickup protons. The inclusion of pickup protons 
is especially important in order to describe the wind properties and its thermodynamics at greater 
distances from the Sun and to properly characterize the dynamic pressure of the solar wind at various 
epochs in the Sun’s history.  
 We applied our solar wind model in the region from the coronal wind base to 3 AU for three 
wind evolutionary scenarios, M1, M2 and M3, reproducing the conditions in the early Sun at 0.7 Gyr 
with the rotation period of 5 days (at equator), the intermediate-age Sun at 2 Gyr with the rotation period 
of 10 days, and the wind model for the current Sun with the rotation period of 25 days (see Table 1). The 
M1 scenario is described by the observed parameters of the young solar analog, k1 Cet, as a 
representative case for the M1 scenario.  The age of this star, 0.7 Gyr was derived using the scaling law 
τ ~ Lx-0.67 (Güdel et al. 1997), where Lx is its X-ray luminosity (Ness et al. 2004). To characterize the 
star’s coronal density at the wind base, we use the emission measure of the coronal emission OVII triplet 
that is formed in the low corona. The density is at least one order of magnitude greater than the full disk 
Sun’s (the Sun as a star) coronal density (Laming et al. 1995; Ness et al. 2004). The term coronal density 
refers to the density associated with coronal magnetic loops that are much denser, and therefore, brighter 
than the magnetically open regions associated with the solar wind. While there are no direct density 
measurements from stellar coronal holes, we assume that the wind base density in the star’s polar region 
is about 10-12 times larger than the solar wind base density, Nb = 4 x 107 cm-3 used for M1, the current 
solar wind scenario (Usmanov et al. 2014). 
 The M2 wind scenario is represented by the properties of the intermediate age (~2 Gyr) solar-like 
K2V star, ε Eri, with the rotation period of 15 days. Its coronal density derived from the OVII triplet is 
1010 cm-3, or  ~4 times the full disk Sun’s coronal density (Doyle 1980; Ness et al. 2002). We use this 
scaling factor to set the density of the wind base for the M2 scenario (see Table 1).  The M3 solar wind 
scenario is identical to the “solar minimum” model presented in Usmanov et al. (2014). 
 
 
Model Rotation period (in 
days) 
 
Nb (in 107 
cm-3) 
B0 
(G) 
δV (in 
km/s) 
Tb (K) ܯሶ  (in ܯʘ/
yr) 
M1 (Sun at 0.7Gyr, k1 
Cet) 
5 50 
 
54.9 100 1.6/ 
1.8/2.0 
26/37/50 
M2 (Sun at 2 Gyr, ε 
Eri) 
10 17 27.6 50 1.6/1.8/2.0 3.2/6/10 
M3 (Sun at 4.65 Gyr) 25 4 16 35 1.8 1 
  Table 1. Initial and final wind properties for the M1, M2 and M3 solar wind scenarios. To study the 
effect of the uncertainty of the input coronal base temperature, Tb, we present three values of the mass 
loss rates, ܯሶ , for three values of Tb. 
 
 
While the coronal emission measure distribution over temperatures can be retrieved directly from 
optically thin lines forming at the representative range of coronal temperatures, the stellar coronal 
temperature at the wind base cannot be determined directly unless we have a physically justified model 
of the coronal base. Unfortunately, currently no physical model of the chromospheric and transition 
region heating can be directly applicable to predict the heating rates, density, temperature distribution 
and the Alfvén wave flux at the top of the transition region associated with the wind base (Airapetian 
and Cuntz 2015).  The existing models can describe this atmospheric properties only in a parameterized 
way (Suzuki et al. 2013; Matsumoto & Suzuki 2014), because a realistic treatment of the solar 
chromosphere should include an assessment of Joule and viscous heating introduced by wave 
dissipation, as well as conductive cooling and a detailed treatment of radiative transfer that is important 
in calculating the radiative cooling rate. We have started the first step in this direction by studying the 
heating rates associated with wave dissipation in a partially ionized stellar chromosphere caused by 
upward propagating and reflected Alfvén waves launched at the photosphere (Airapetian et al. 2015b). 
 In this paper we assume that the wind originates at the low coronal base and we calculate each 
scenario for three wind base temperatures, 1.6, 1.8 and 2.0 MK. This is consistent with arguments by 
Matt et al. (2012) that the wind base temperature does not depend on age (or stellar rotation rate), but is 
determined by only stellar mass and radius.  
The solar dynamo operates by alternating between solar poloidal (or dipole-like) and toroidal 
field (Parker 1979). During solar minimum the Sun’s magnetic field can be adequately described as a 
dipole that gives way to higher harmonics during solar maximum. In the current study, we restrict 
ourselves with the assumption of a simple dipole magnetic field with no tilt with respect to the solar 
rotation axis in all three models, M1-M3. The magnetic dipole is specified by the strength of the 
magnetic field on the solar pole, B0. The value for B0 in the M3 model was selected to match the in-situ 
measurements of the interplanetary wind magnetic field at 1 AU (Zhao and Hoeksema 1995). The 
dipolar field strength for earlier epochs (M1 and M2 models) was selected to match the statistical 
correlation between the average surface field and the stellar age derived by the “Bcool Collaboration” 
team (Vidotto et al. 2014) as <BV> ~ ݐି଴.଺ହହ±଴.଴ସହ.  
            Our model of Alfvén wave driven wind uses the amplitude of Alfvén waves at the coronal wind 
base. This value can be derived directly from spectroscopic observations assuming that the observed 
non-thermal broadening of optically thin emission lines is caused by turbulent motions driven by Alfvén 
waves along the line of sight. The initial wave amplitude at the wind base, δV, is chosen to be consistent 
with the observationally derived values for the current Sun and young solar-like stars (Hassler et al. 
1990; Wood et al. 1997). The typical value for the Alfvén wave amplitudes of 35 km/s specified for the 
solar coronal base is derived from the non-thermal broadenings of the Mg X, Fe XII, OV and NV 
emission lines observed above the limb. The non-thermal broadening is a universal signature of 
transition region and coronal emission lines observed in active stars, and its magnitude increases with 
the activity level and stellar age. Intermediated-aged stars show line broadenings  ~50 km/s, while this 
amplitude reaches over 100 km/s for young stars (Wood et al. 1997; Brandt et al. 2001; Ayres 2015). 
The knowledge of the density, magnetic field and the wave amplitude, δV, sets the total energy flux in 
Alfvén waves, ρ δV2 VA, propagating upward into the solar corona and accelerating solar winds. 
 
 
3. Simulation Results.  
 
 Because of the uncertainties in our knowledge of the wind base density, temperature, magnetic 
field and Alfvén wave amplitudes, we have performed a parametric study of the solar wind properties 
using our 3D MHD code. Our model provides assessment of the physical effects caused by the thermal 
pressure, Alfvén wave pressure and rotational forces on the wind properties for each of the wind base 
parameter set. To study the sensitivity of the mass loss rates and the wind velocity to changes in the 
coronal base temperature density, magnetic field and wave amplitude, we have calculated 12 models 
(the mass-loss rates and fast/slow solar wind velocities) including 9 M1 and 3 M2 models for the 
following range of base parameters: Tb = 1.6 MK, 1.8 MK, 2 MK; Nb = (25, 50, 100) x 107 cm-3; B0 = 
41.2, 54.9, 68.6 G ; δVb = 35, 100, 150 km/s. We also studied the effect of rotation rate on mass loss 
rates for stellar rotation periods between 2.5 d – 25 d. 
 Table 1 shows the strong effect of the wind base temperature on the calculated mass loss rates 
for the M1 and M2 scenarios. The temperature increase by 20% leads to a factor of 2 in mass loss rate 
enhancement for the M1 (young Sun) scenario and a factor of 3 increase in the mass loss rate for the M2 
(the intermediate Sun’s model) scenario, using the wind parameters described in Table 1. The increase 
of the base temperature specifies the thermal pressure gradient that presumably plays a crucial role in the 
wind acceleration and mass loss rates.  
 Our parametric study also suggests that the mass loss rate in the M1 and M2 scenarios is scaled 
linearly with the wind base density, ܯሶ  ∝ ௕ܰ, which is consistent with the paleo solar wind models of 
Sterenborg et al. (2011).  The maximum mass loss rate in the M1 (at Nb = 109 cm-3) scenario reaches 1.7 
x 10-12 Mʘ/yr, where Mʘ is the solar mass. We note that Sterenborg’s paleo wind model required a 10 
times denser wind base for comparable mass loss rates.  
Our calculations find that the mass loss rate scales with the wave amplitude δVb as δVb1.15, which 
can be understood as the factor in setting the wave energy flux launched from the base. It is also 
important to note that the fast and slow wind velocities increase with the wave amplitude as ~ δVb0.6.  
The greater velocities for the fast and slow components are mostly driven by the increased contribution 
from Alfvén wave ponderomotive force (caused by the gradient of the wave pressure) with respect to the 
thermal pressure gradient force.  
 The mass loss rate does not show sensitivity to the background magnetic field set at the base, B0, 
consistent with results reported by Sterenborg et al. (2011). For example, by increasing the field strength 
by 25%, the mass loss drops by about 10%. This may suggests that the slow wind emanating from the 
low latitude regions of the star performs work in stretching and opening magnetic field lines for the 
plasma to escape. 
 Our study does not reveal any significant effect of the solar rotation rate on the mass loss rate for 
the M1 scenario. This is because the thermal pressure and ponderomotive force are much greater than 
the gravity force and the centrifugal force, even for stars rotating with the rotation period as short as 2.5 
days.          
Figure 1 presents the latitudinal distribution of the wind radial velocity for the M1 (red), M2 
(blue) and M3 (green) scenarios. The bi-modal wind distribution in the three evolutionary scenarios 
represents the result of the self-consistent solution from out model that assumes a simple dipole 
magnetic field. The polar open magnetic field regions are the sources of the fast wind, while the slow 
wind is associated with low-latitude closed field regions. For the young Sun’s wind model, the fast wind 
velocity reaches 1372 km/s at 1 AU, while the slow wind is accelerated to 703 km/s. The M3 scenario 
provides the latitudinal distribution of the bi-modal solar wind that is consistent with Ulysses data at 1 
AU (Usmanov et al. 2014). The fast wind is mostly driven by the magnetic pressure gradient provided 
by Alfvén waves generated at the wind base and propagating upward along a radially diverging coronal 
hole. For example, the M1 model shows that as waves propagate upward, they become non-linear, 
reaching the amplitude, δB, of 25% of the background longitudinal field at heights greater than 5 Rʘ. 
They exert ponderomotive forces (gradient of the wave pressure) on the plasma that provide the 
momentum for wind acceleration.   
Figure 2 shows the radial profiles of the high latitude fast wind’s radial velocity between the 
wind base and 20 Rʘ for the M1 (red), M2 (blue) and M3 (green) scenarios.  The figure shows that the 
resulting steady-state solution for the terminal wind velocity for the young Sun is a factor of 2 greater 
than for the current Sun.  
Figure 3 shows the proton temperature in the fast wind for the M1, M2 and M3 scenarios from 
0.3 to 1 AU. The figure shows that the proton temperature of the paleo solar wind is 5.5 x 105 K, which 
is twice as hot as that of the current solar wind.  
Figure 4 presents the total mass loss rates from the fast and slow wind components calculated for 
the M1, M2 and M3 scenarios superimposed on the range of empirically derived mass loss rates for 
solar-like stars at various phases of evolution (Wood et al. 2005). This figure shows that our theoretical 
models at the three evolutionary phases of the Sun are consistent with the empirical mass loss rates 
within the uncertainties of the model input parameters discussed above.   
 
4. Conclusions. 
 
We developed three evolutionary scenarios of the solar wind using a three-fluid, fully three-
dimensional global MHD model that describes the plasma dynamics from the wind base to 3 AU. These 
scenarios aim to represent our Sun at ages of 0.7 Gyr, 2 Gyr and its current epoch at 4.65 Gyr. Our 
global wind model accounts for the kinematics and thermodynamics of a single-fluid inner and a three-
fluid outer solar wind. The model for the current Sun (M3) is validated by comparison with the wind 
parameters observed by the WIND, Ulysses, and Voyager 2 spacecraft (Usmanov et al. 2014). This solar 
wind model provides the three-dimensional global description of the mass flow and turbulence 
parameters throughout the heliosphere for given boundary conditions at the solar coronal base.  
We used three sets of input model parameters, including the base plasma density, Alfvén wave 
amplitude and the strength of the magnetic dipole field for each of the three solar wind evolutionary 
scenarios describing the 0.7, 2 and 4.65 Gyr old Sun. We also studied the effect of other 
“environmental” parameters, including the base temperature and rotation rate using observational 
constraints for stars at appropriate evolutionary states (or ages). The wind model for the young, rapidly 
rotating Sun, which has a magnetic dipole that is about three times stronger than that of the current 
epoch, produces a solar wind with the fast wind radial velocity of 1372 km/s and the slow wind velocity 
of 703 km/s. Its proton temperature reaches 5.5 x 105 K and its total mass loss rate is as high as 85ܯሶ ʘ 
(for Nb=109 cm-3). This suggests that the dynamic pressure from the paleo solar wind, ܯ ሶ ஶܸ, is expected 
to be up to 170 times greater than the wind pressure measured at the Earth’s magnetopause. The model 
of the intermediate age (~2 Gyr) Sun produces a total mass loss rate that is smaller by a factor of ~6 than 
that predicted from the young Sun. The fast/slow wind velocity predicted for this intermediate case is 
920 km / 500 km.  
To scale the wind properties with wind base parameters, we conducted a parametric study for 
solar wind evolutionary scenarios. Specifically, we concluded that the wind base temperature is one of 
the parameters to which the mass loss rate is most sensitive. The wind velocity, on the other hand, is not 
sensitive to the base temperature. Also, the mass loss rate scales approximately linearly with the base 
density and wave amplitude, while the resulting loss rates are not sensitive to the uncertainties in the 
magnetic field strength at the base. We find that, within the range of the stellar rotation periods between 
2.5-25 days, the centrifugal and Coriolis forces are not strong enough to modify the mass loss rate and 
wind velocity.  
Thus, our models suggest that the young solar wind was faster, more massive and hotter in its 
early history. The theoretical calculations of the mass loss rate appear to be in agreement with the 
empirically derived values for stars of various ages and with other treatments, such as the semi-empirical 
wind model predictions for the young Sun suggested by Cranmer and Saar (2011); Suzuki et al. (2013) 
and Johnstone et al. (2015).  Our results will be important for realistic estimates of the wind dynamic 
pressure from the young Sun and other active stars on exoplanetary magnetospheres, and for 
assessments of the energy flux at the magnetopause, which is a crucial parameter in realistic 
specification of the Joule heating of their ionospheres and corresponding effects of atmospheric loss 
rate. The paleo wind properties derived here can be used as input for modeling the history of 
atmospheric loss from Mars, with insights derived from recent MAVEN data (Jakosky et al. 2015).  
The young Sun’s wind background properties are also critical in modeling the propagation of 
CMEs from the young Sun and their interaction with the magnetosphere of young Earth. Also, the 
knowledge of wind parameters is required to calculate the properties of shocks driven by paleo CMEs 
propagating on the background of the solar wind and the efficiency and spectrum of paleo SEP events 
using the Particle Acceleration and Transport in the Heliosphere (PATH) code (our work in progress; 
Zank et al. 2007). 
This study serves as a starting point for extending our solar wind model to include the 
heliospheric interface region, with the goal of developing a completely physics-based cross-scale 
dynamical paleo heliospheric model. The extension will be based on the four-fluid global heliospheric 
model developed recently by Usmanov et al. (2015). The further application of our global code will 
provide insights into the evolution of paleo solar heliosphere and astrospheres of other solar-like stars. 
Such astrospheric model will also provide important validation capabilities for the empirical method 
proposed by Wood et al. (2005).          
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Figure 1. The latitudinal distribution of the solar wind radial velocity at 1 AU. The red, blue and green 
curves represent the wind’s velocity profiles from the young Sun at 0.7 Gyr (M1 scenario), the 
intermediate age Sun at 2 Gyr (M2 scenario) and the current Sun (M3 scenario) respectively. 
 
 
 
 
Figure 2. Radial profiles of the high altitude fast solar wind radial velocity. The red, blue and yellow 
curves describe the wind’s velocity profile from the wind base to 20 Rʘ for the models of the young Sun 
at 0.7 Gyr (M1 scenario), the intermediate age Sun at 2 Gyr (M2 scenario) and the current Sun (M3 
scenario), respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Radial profiles of the proton temperature in the fast wind. The red, blue and green curves 
describe the wind’s temperature profiles for the models of the young Sun at 0.7 Gyr (M1 scenario), the 
intermediate age Sun at 2 Gyr (M2 scenario) and the current Sun (M3 scenario), respectively. 
 
 
 
 
 
Figure 4. The total mass-loss rates from Alfvén-wave driven solar winds at 0.7 Gyr (red star), 2 Gyr 
(blue star) and 4.6 Gyr (green star) superimposed on the empirically derived values of mass loss rates 
(grey area) from a sample of solar-type stars of various ages (Wood et al. 2005). 
 
 
 
 
 
